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If I (TJ PRI YA;Rt UN CONDUCT IV ITY IN POLY (LIHYLINI OX Ibl)

COMPiLtYI D 'AlI ll ALIAI I MLTAL SAI 1',

3. J. I tinteIlIa, I'l. L. Wiiiti'rs'jilI , j . P. Cd I me, F. 1P. P urse 1, and 1). P. I l;ueuaa
Pilys ics Departmenlt., U. S. Naval Academy, Annapol is., Md. 214012, USA

C. G. Andeen
Phys ics [heparwent, Case Wlstern Reserve University, Clevel and. Ohio, 44106, LISA

Au] iII frency.'lt complexu adittancei mcd1,lJuremen t, at a nlumber of tvlt t' rt ures ha ve been
perfrme,!' onl PLO cumlT'ltxvd with var il'v, al kalIi oilet i l irlorat('. and tiicyanail s at
pros surt- Up) to 0.3 Gild . III pueed I thte dC t Vat 301 VOl umeKs tendl to inrcreasev with the
size of buttl the catio0n and anlion, lilt trend is best expl alindi if the ion transport
lt1,,dldfl iii1TvI] Ves' tl,i)ti al lull. an ctiols . the1 resul t,, ar' in jod ajelit'llt with
the pred i(.tlou' ot a dynimi cal dii fus ion theory with air at tempt mode Grunt' Sen
pia rmeter apprpI0r late for i nti'rhaill vibtrations. Th is imlie s that di ffusion takes
Place Via irter'tie-interstlce hoppInq of tile i0ons. Next. it is shlown that free
vol umeCcil lrc u lead to urlrea;ollable results if To is intrprete'd as till qlass,
trailsit iol tcspera tur' Filnally, the etffect of pressure on tile act ivationi vol ul:. is
de terine ld.

1.INTRODUCT IOU became lower for the lower, freq(uiencies.
This effect cart be .(,oiIl in lljur' I

Ion conductinq pColjlth/(lvne uAilIel(PLO) has where the rpsults for PF08-NaClO4 are
been attraicti ni a .;realt deal 01 at tl'llt iol-P shown. Thib 0, ' diul to enhanceltld block ing1
bucauC t uf po'sible applicat ion a , tihe electro- electrode effects. Howe'ver, tihis
lytt' 11 ul id state' batte.ries . At. the effect of dispersio h~lia, little effect on tile zero
press)ure til thte conlduc tivi ty prolvildes useful pressure slopte, thouli tilt curvature is affe'cted
in format io Oi IolcernIillj iln tiOTI~port , such SolIeWila t. lin this paper, tile 10,000l Ili da tj
,tuijde', oft Il cuil'l.od withl variu. ,alts vqere will be tikv'l to rejlrest'llt till con~ductanice of
un--iitldel and11 tile iv,,ul ts art, pre',entoed itert tile samlet.

2. PtT tMLNI AND) lUSIL TS Iwo di fferent 10ill pressure bltcils were usod,
F 11l.,of LO Pols~i'.Fc(', M r~l ~each witih a (leion~ Sl11:lildr to that described

itilit.of't (lllys i~lii'5 MW~xID) wi thr l'sewhere .25 Tile ples55uCre, it'rl' (lvrated using
variolus djiltoults of al Ikal IIeital pen ii urate. ind
tI uS tdlidtet5 llre litatdas de'.clltil' ei 'I-
whoe -,'I AX, tutore,' Il umillUr t~led rude', wvrIf
fl' -i'i onto11 hi ll it fac vs. iOne1 tool ilhoia -ifn

,'l itlLrllil it' trude o1 ailuut ;. ifSo
d i 1, 1 i .. !p I S Aller was" about Wiirill) ill

diairiter. the salljplus, were I ..- i.'j 11 thiik . 1
Tile confi qluratiirn was cihosen to be opt i~iil for
the da);aratus used. Such a confiigurationl does
not reddily yield absolute values of tie I1 12
conductivity at a II li;i accuracy. hlowe'ver, sice
trt' 'rildry (Ina I of thtrepresenit work is tile 1
relative (,ilat vi', in blrduc tance with lire-sur, 9r 13
ti, wis WIcoll i dered to be a reasonableC1 1

pro(lt dure. C

Thle comtp I ex aJlif io~llt-l'ure''llt 5' were mlade; 14
using a fully dutoliild lllmicroproces',or- +
controlled bridge constrlacted by oneC of the+
authors (CGA). The 6ridge operatps at five 1

audo reue~e frm 0010UO Il, ndia%0 0.06 0.12 0.18 0.24 0.3
accurate as the best con~iercially available PGo
manual bridges (General Radio 1616, for exalle).

At the relatively low temlperatures of the Fiqure I: [ri(c,(ol)- 1 - sl (.1a o 10qN~0present work,* it was found that there was -i)1.K.Tedt vs.: ol-ncra i fore 8-Nre
usually very little di fference between the I .(ilt and x-Ilucreas inq prv'sa~re at lII 01(1o liz; +- Ii-
and ID ,li ii: val lies o~f conduc tance. ever, thouqi mrasin pJre'.iire id, -DOrc reds i ni pressure at
the samjple-u were rather thiln. As pressure 1 ,000i 11, . Till' .1 ,,I ill llo is till' ihest fit 'urve
increased, t

iituver, tire appart-ilt ( urJLJdutt l(t' lot* lt'e 10,1W 11"i ii.'la.



]a I oe I V'ari ou-. ,t.,peilIjento I and it uretI cal resu I t% rel ated to thi' *t ,'ct ot pressure on the
Ion I0 uriUiuti lvtv ini H 0 in iIexi'd wit h ,alki I metal ',jI , ts

." I!- .I I I -I- "1 3 1M., 'hI.n [ Ia . I k ) nk '  . a1 , i j 
i  

k (,;',I) -  
q(eV) v( 311 / 10v G'"a - v/NY I it) /re ) ,

I311 -1.. -12.4 4.5 1.13 3?.3 1.21 0.12 6
I 3I2 -II.;; -,.u 5.8 1.13 33.1 I .31 O. ') 8

P1O -L iC1O 4

1 .9) 10 ., - I2. ) 8.1 0.76 30.3 1.11 1.3 I1
1 30/.2 -9.1 -14.0 16.5 0.6 36.4 2.1: ?.3 11
I 315.2 -8.3 -14 5 13.1 0.76 38.6 2.25 1.8 15
2 (gas) 31u.2 -9.7 -14.4 19.2 0.76 37.8 2.20 2.5 22
3 310 -9.7 -12.0 4. 1 0.16 31.5 1 .83 0.66 6

PE 9 -Na LIO 4
1 30b. 9 -12.1 -11.6 21 .3 0.92 45.5 2.20 2.4 20
I 310.4 -11 .5 -18.5 23.9 0.92 48.4 2.33 2.5 21
1 314.9 -10.6 -11.8 11.8 0.92 47.3 2.28 2.0 17
I 320.4 -9.7 -16.8 15.1 0.92 45.4 2.19 1.7 15
1 329.8 -8.2 -21.4 20.5 (.92 59.5 2.27 1.9 16
2 309.6 -11.0 -15.6 15.9 0.92 40.7 1.96 2.0 1/
3 309 .o -11.8 -13.5 9.1 0.92 35.2 1.69 1.3 11
2 324 .8 -8./ -1t. 7 ?1 0.92 51 .2 2.47 2.2 19
3 324'. -0.) -1. 21 .7 I.112 51 .1 2.'M 2. I 0

L ,; .5 L) . 78, 44
*I 3'.Y. ? -1 .o -12.I 11.5 0.78 44.) 2.55 1.2 ll

l 303.) -1'. -1 2 6.7 01 39.o '.2' 0.87 7
I 310.2 -ID.0 -14. /) (. 78 38.'. 2.19 0.94 8
1 315., -9.3 -14.3 8.1 o.1M 3,.1 2.1/ 1.15 II0
1 323.4 -8.6 -I 3.9 8.2 0.78 38.0 2.16 1.14 10

PLO -NrS CN

310.2 -6.2 -o10. 1.7 0.41(0.76) 26.6 2. 88-;( 1 .55) 0.33 3
1 318.2 -5.8 -10.6 3.2 0.41(0./6) 29.0 3.14(1.69) 0.59 5
* 321.7 -9.0 - 0.41(0.76) 24.9 2.70(1.45) - -

* 318.5 -9.0 - 0.41(0.76) 24.6 2.66(1.44) - -

PL4 .5 K5f.;

I 3101.2 -9., -10.1 ,.1 1.10 27.9 1.13 V.? 8

*Sat jdi, providd by R. Dulon ind D.1. Shrivr, Northwestern Uni vprs itv

, i , ,rnl n l r'o,'n qa'.('. a'. w'. I 1 ,. in I iluri' ? ihi eri, fli rt-,Ilt
,
, for OI 0 -I (104

I, i. .' oil . Ihie ied.,urewient, of thi. obtained usii1g both as and o1 1 i e s howI.
presui-,e m-+.-' a,de usino a Heise I klar Bourdion Clearly. the effect of pressure on the con-
tube pres',ure ';,tu e. In iirrvv ca,,, the data ductivity is independent of the pressurising
runs using either argon or nitrogen q os as !he medi um. Samples removed from the pres!.ure bomb
pre..urising iedium proved riot to be entirely after a week of constant iiilneriion in the
satifactory. lhe samples frequently failed Spinesstic 2 were s(rutinised for signs of
after ore or two data runs, either by an 'welling or chemical interaction but none shr)wed
apparent short circuit or by generating a any effects from the oil.
vol tage. Furthermre. the samples turned whi te
during the pre',sure run. All the sarplt. IlI interpret in the results, the equation:
returned to their initial transparecy after
heating at ICo. in vacuum for a few hours. 1I(G) 11n(c ) +aP 4 bP)

Usinq the Spinessti( 22 as the pressure fluid, 0
however, the iample. 'hewed no o;uch effect', and where G' a. ond ti art constants. was best-
the change in aplpearanc, of the airin1 et is fit ted to thI' data. G is the conductance n
therefore attributed to dissolved gas in the -1 and P is tie pressure in GPa. The results
samples. However, the dissolved la, had very of th, best-fits are listed above in
little effect on the (ondu(tivity a,, can be seen table 1.

.. .. .. . .. . ., . . ., , - - ,, l - . . . ... '+ . . . . [ .. . ... . . .- . .



3. UlJ''lv '-9.5

The data were used to caili,..late an activationi
volume associated wit: till conduction process.-1
The activation volumie i'; defined as: 1

10.

0
where q i'. the Gibb, onenjy . lhi probilemi i to
de terinre the most dppropria0tce method to
associate the Gibbs enerqy witto the ionic -
conductivity. The difficulty arises front the -11.5
uncertainty as to wiietlher the Arrhen i us
eqUat l Oil:

_ 
0 EXP(-1h/kT) (0) 0 0.0 01 0.15 0.2 0.25

where it is the ontha I iy or a free voi;ii

expre"Ssion: Jiuv Ln rlrii ,.PGE)fr-:1 -Li( 10.

0 Dei.reasiri pre; 'Live unq rltrorlee g;as at 310.2K;
n-fLresryj~tW'L trull 4-Decreas inc, pressurt

wil b te shiown tie low, 'he free, volume O.<epre'5 il' 1,0)~ 1Q.
leads to unreasonable res ults anid thu.l thte
Arritenius equation will be used. Parameter, ais i v :

3. 1 -holUA)'
File l,'1,ui;litioni u A, I lw iu, iiliavior lead1' to dii I .

actlvationl Volume: Div 1., 1" i r pI i;' I- . 117,(P ) I

v -k _j [ Aj1 - io- nc jjl tj ) iUjdidr to f:, avi lible at prtivot,

wtiere tire entropy, 5. i'. clv r by 9 - h - Is, 1-1i t#,rii to I. :hI F Ci I ii ii') ((i' l ' 1 W i'i , t
Assuiijini that the elertric fil tillide trie a:, ,f iii I i itf. v~lf Ci f .,J. ,Ik

'atiple is urniformn: uiin o c' ruli .is i
oi r of 1 1 '. I I iuidi oI trl .i'' ,!,t l

ri)l !, ro ul I t " li' r tile

fi ! ii i i t I or i I- ) i il ut
Where A is the area ol the, elertrol'. and ' p l~ 1,* d *d dl r''n of
their %i';iaratiocm, it follows- that. oil iN llouf I. ill thii ai lIion o lim

;oPlb - :11 orde e to I i u PIil I I '0. !IO ent, dynawical

where lo~ isutll-r:lail coii',iii:Sililty. Iiif cdl IV. it IC)' ,i rk lir"i tiltat

Further, as suin ig tia t ill% iiy pv, irs.oe', f .(I

dependent terms in the pre-expurientid 31-dC till'
attempt mode frequency,,1 tire nuntier (ifi', ipt ~li id b11 W??ued ;U LCV'.: lUllV in
charge carriers per unit volAme. ri, and triil tl- ta pli tesfr oi0iv.ii. t

mean squared jump distance, r, that i, la aid i t it ion, f11) in iiidtioii (9. thel

Fi r 2 ~3 w'; oi ri i n licq a tI III (l ecinyS
0 a

arid also that the entropy is incleperident of -k.12-1
pres lre, [quatfion (5)li) tomiii: v -' (1.

v k , , a Tll- rcit I It~ t I v I liti o t t ill' lit it i on vol uiis

In this expression, the attemipt iliocte Gruneijerri .!I 1"itdill to ,-i'ictti Coura; or "I' die 1

3
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2.6 2.e 3. 3.2 3.4 3.6 7 . 3.1 . 3.5
OC,-/T (K- 1 ) 'r,,

li-jure 3: Li( o11;I-c! ) vs. lU i)ili " ) fi Ii icr , ih f,, ) - ) v1. 1;(i, 'TIv, for

PE JO Cow;plt ed a ith vdi ,, alia i I t t 11 PLO 0I uS ap 1.Ual i II:t3,
thiio(.,Uiate;, {a) Pl'u.-i.i:,t;N Il) I'. , -K.,.H pi,'ii r ato' , i ' I'!3.. -luClI".: (b} K' ,:K
tritj, .na e -ta ,,'; 'ihi tJ l -a) J'. (W, i E1 .

~i V tloe . (itf tq
n  

env'. l!r"iy ,I lt,< l t~'J l;y i}'' ' e f i,,A l,/. thf, a,_tivation ,u , for

I:.ji Lut I0 L 10,1 1 1, i ji r

iti ,,Ithpl. I iJ t ,, , f'y il ',io., w ithI ','il, ''i~ l ir', i Pil,, fCH .for 1 P ct il-' ,lih Vn
' ii l i,'- ; I d t. o' 1 h . F V ' trI i .1 if , u . ;ito ', ,i I it tuIi nI fo r

P! i,, lia', r iti' iiii t r I-"it- !, ar e Tf r cja r y
Irtere ait. ,t_,v4,ra I it - r,, :-in l!iatil, I . t lh,, , 'iIIIIIicant "irl' -Il t-( ri(adi relaxatioll tudit-:,

r apf,, t u an t ; , tIai ta tt aoe ar,, ' v v i re tI o r a s rt L i of
(nib l ha is, th , ,r,, lrt, 1,,rilh than, f r LO, id -Lah CN iJi vLr1 t I

100 It al essrel 01 ra of ' h 1o ji ir.iuu e etiT j to t1,1 th S' o e
orderI t for transportr to! t ake'.l ul ae. Atso i i "t xc,,"1'111,- i -11 i.',r. toi wer, invf~ Hnot o

t ,I l+ , v f fo r l lil, 1 , I / 1 , ,l l i n t <, I 1 ,1;, , 1 I.%; t i I I I,
' f l It ! ; i ' , ,

]ossible tha lt a~ s large, ,u - ofIU pecilirat ,,'1,,yiitiii'. i'd u fo, h.,rated , icl,,,ilit.

!' L ', il I I,, t l P , IU i I'I It~i I(),,

i i-rnsha th ut, t I (ne di ffvrt-n(v it ,. CoeTie ntl, t e x(cion to the rule of %culin
Thape of tie anions a rd that tihe anions re of v woit iin ozle is t v Ior h,-LiSCN i s

f)b i1e. lht is, tan e tetrah
e d

ral perchlorate Iarger than for H- owe-ver, it
iuion ri;uires fiore vutie increase uf the po Iy;:c r h iu Iid be keipt in ind that the I V ,.C*; complxed
i! atrix than does the linear ttlioCYanate ion in ,,iterials were pca inrd without taing great

order for transport tU take plce . Al ' , i t t i t Cl Lhe vat, r r of d were, in fjct,
dossible that t larger nlu,ber of per(holrate rnntivtio volume ref intee. Te
ions than thi yanate ions lay be o ile. Consequently, the iec5-LiScu results may je
Tihese conoiderations diuport the reent reiiults anomalous as tit role of the water has et to
of 'Ac,.tn and tteeleV) , 2e and oren ,: eI uct e geterthaned.
attr<butalwhich iply that thie anions tre

N.,e, t x t, ifor;ia t ioi coni:ern ing the, tranv!,port

lechanism can be b ta i ted firom fTurther
Of , rys laation. ,ri'ile for bowgideration of dynain ical difusion theory.
example, it i , not nL:(t" ',, ry "inut !he an ions be in particular, the values of ',a in Equation (11)

mobie. Their function ITy siply t t to uecesary to predict the experimental values of
ecrease the ftree ar, if, Which iuld in trn te activation volume are of interest. These

increase the activation volunfo for motion of value, of pa have been calculated and are listed
cations. Hlowever, the difference betwii P[v- in Tabl I . It is ,-een that the values are all
Na',(11. and PLO-NlaClO 4 seeltns to be too largle to I)e greater than I k). This impI lies that it is the

attributalde to cation tion alone. Other low freque cy rnt hnitaain vibrations of the
explaons nty be asnociated with morphology olyser which control the ionic motion. This is
or dejree of crystallinity. [xperinents are because intrachain mnode Gruneisen parameters are
currently under'way ,to ascertain tire extent to usually much ,onailler, typically 0.10003-0.5 while
which such factors are influtnicing transport interchain i's, are larger than 1.0 (Pef. 28).
proce-,Ses . The reason for this v, :,irrply th~at interchain

vibration-, (chain-0wlin) are much more strongly
kv~t tro~nd% shown by the remaining results aire affected by pressure than intrachain vibrations
also cunsis-tent with an argumnt based on ion (motions within the chain). The difference is



in t II t -III Ii' the. ', l h 'o i t'(?Ai'l i'. I l cI o il 'ii 0______5_-

ll (14d110 1 11A. (~.0 %t jl '~It I I t t it h' t LIC

ion mat ion in PLO su~jested by tile result% Of
thle pri2'd'rt press urte worI k' that at h igh0

te1;titlitUrCS both an11i1V and1 kdi lri Ulidil10C
"inter-st ice- intersti.e" hoppinq vid low

are taken to be th, ';paces betviven the pol ymier
cha in;v. The reason for choosing tilt

in te rstice'," rather triar the chaiin'. them- - 1
selves as the normal sites for both anions avid

*cat ions at i 3h teHmperatures is that if thle i on'% Q,
r-es ide onl the chain;., thle effect of pressure -1.5
should be to increa,,e the conductivity since thr',
chains would be close Ioeto at eva tevd

increwsed cliheiie;', of the chiiiiis should 250 300 350 400 450 t0
ji i)Ab jt thbe metI L Illf thus dec reds i ni; t.he coni- T

lilt raiel ical juilpini; prilies , is ofttil di',L u.',edIIle~ 'J : l i A iiM violu '2' v,' t(I ; ,

ini Con utI io n 01wi tlt tfli''O wI'ihridl S , 11' ontl C IU1.tl ite l l p.n ; ;qh(J1i'l11 ' mldl '' i u-

~c2,..;'erit lhtrc art, It'~cit Tj ', process, I. S of tilt I' r t*Ic 11i i lt' to d .
ruled olut by 'lte ic';F' :node, Grull il iari f,

is thiat f rili.p r rO' oIli 'al sml vioeI-d rt', Iii c iii ci -

chair vifi-ition'. huie-(ver, Chlainl-end lwidil'iiiii;. liii'( fv ei de I 1iIO')11. tIe tit I I i lIp (Iit I 1)11,

pvol' I y r(,ire i ntectiin vinrt iow,' andi lhii' 0

s uJI a pvcoces' Plighjt hte ;on' te t h tlt l q ( 1-i ) '1ll 1 -il - 1
present results. ilowever, tiwo roncl u. ill thait o 0 r '

dominant In theste mitt' Iii' is, coils 'ui~tt Wii
thle ret iii! rt'.ult', of ltaphe vf it

j i I. he11 W'. kie ' I'- ". ',~ t 0 ic iif l o

Fni r e V uIc ii oAn lys ri, c'tii tt 61' ii 1111 \ I " P) , t ( .111 1 *'.2 P) I,* 111t

i'.
1 

'. 1 hI,"U I lt v lue' ofi t t Iii Vdt il v

:h'2- 'u I, vi 1 (0)1, be lByt- [''.1 11.1,'l CHIIi lIi i,! i.

iqatlirln t a (4). Papkid d 1.' i1 hadept -dVlkutildii'ir I~u i ~ ' Iind IiariI tid ju 'w10
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NOTE ADDED IN PROOF

After the completion of the work described above,

two experiments were performed which extend and
support the results reported above. First,
careful differential scanning calorimeter (DSC)
measurements were performed on all samples using
a DuPont 990 DSC. The data for PEO4.5-NaClO4
and PEO4.5-NaSCN were extremely similar consisting
of a weak, narrow melting at low temperatures (20-
30C), a stong, narrow melting at high temperatures
(150-180C), and a weak, broad endothermic event
between these two peaks. This supports thecomparison of these two materials at all
temperatures. That data will be presented in
detail elsewhere.

Second, the temperature range of the pressure
measurements was extended to 350K for the two
most important materials, PEO4.5-NaCl04 and
PEO4.5-NaSCN. The results for PEO4 . 5-NaCIO 4 can
be represented by:

ln(G(n'l)) - -7.9 - 10.2P + 4.6P2
and ln(G(n "1)) - -8.0 - 7.3P

describes the data for PEO4.5-NaSCN. The latter
material was a hot-pressed sample provided by
Northwestern University while the former was a
film prepared in our laboratory. These results
lead to activation volumes of 30.2 and 22.0
cm3/mol, respectively. Once again, the activation.
volume for PEO4.5-NaCI04 is found to be much
larger than for PEO4 .5-NaSCN. Consequently, this
extends and supports the arguments above concern-
ing ion size effects on v and the resultant con-
conclusion concerning anion motion in these
materials. Next, the activation volumes are
smaller at 350K than at lower temperatures though
not small enough to change any of the arguments
presented above concerning the transport
mechanism. That is, since Ya-1. 72 and 2.38(.29)
for these materials at 350K, these are still much
larger than would be expected for intrachain mode
gamas. Finally, it is noted that the extremely
large decrease in v (26.4 to 15.9 cm3/mol for
313 to 350K) as temperature increases which is
reported by Chadwick, Strange, and Worboys for
PEO4.-NaSCN at this conference, is not reproduced
in the present work. However, it is noted that
the PE04.5-NaSCN studied at 350K in the present



work was hot-pressed while that of Chadwick et
al. was a film. Consequently, some of the
difference may be due to the difference between
the preparative techniques. In support of this,
the PEO4.5-NaSCN films studied in the present
work showed significant curvature while the hot-
pressed samples did not. Further, the zero
pressure slope for the hot-pressed sample is
about 10% lower than for the film. In addition,
the PEO4.5-NaClO4. which is a film, does
exhibit a somewhat larger decrease in activation
volume as temperature increases (38.5 to 30.2
cm3/mol for 310 to 350K) than does the hot-
pressed PEO4.5-NaSCN. However, the decrease is
still much smaller than that observed by
Chadwick et al. Whatever the magnitude, it is
clear that v does decrease with increasing
temperature. Some decrease is expected since,
as temperature increases and the polymer expands,
the free volume increases and thus the activation
volume should decrease. However, the decrease in
activation volume appears to be too large to be
explained by this effect. Rather, these results
may represent evidence for an "association"
process occurring in the polymer. In such a
model, the large decrease in activation volume
follows since at low temperatures there is a
"volume of formation" for the associated ions in
addition to a "motion volume." The activation
volume then decreases because the "formation
volume" decreases due to Increased "dissociation"
as temperature increases.
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